Abstract: The charge density (CD) distribution of an atom is the difference per unit volume between the positive charge of its nucleus and the distribution of the negative charges carried by the electrons that are associated with it. The CDs of the atoms in macromolecules are responsible for their electrostatic potential (ESP) distributions, which can now be visualized using cryo-electron microscopy at high resolution. CD maps can be recovered from experimental ESP density maps using the negative Laplacian operation. CD maps are easier to interpret than ESP maps because they are less sensitive to long-range electrostatic effects. An ESP-to-CD conversion involves multiplication of amplitudes of structure factors as Fourier transforms of these maps in reciprocal space by 1/d 2 , where d is the resolution of reflections. In principle, it should be possible to determine the charges carried by the individual atoms in macromolecules by comparing experimental CD maps with experimental ESP maps.
Introduction
The physics of the scattering of electrons and X-rays by atoms is well understood, and it is clear that the three-dimensional density distributions obtained by electron microscopy (EM) differ qualitatively from those produced by X-ray crystallography. [1] [2] [3] [4] The X-ray scattering factor for an atom is the Fourier transform of its spherically averaged electron density (ED) distribution. Molecular structure factors can be well approximated as Fourier sums of independent atomic structure factors, and for this reason the images of molecules in X-ray maps correspond well to those expected for assemblies of independent atoms. By contrast, the electron scattering factors usually used for atoms are the Fourier transforms of their spherically averaged, electrostatic potential (ESP) distributions. Thus in an EM map at atomic resolution or sub-Å ngstrom resolution, the image of an isolated neutral atom will be a positive peak centered on the position of its nucleus, surrounded by a negative halo. Because the shielding effect afforded by the atom's electrons, the ESP density associated with its peak will fall to zero at a distance from its nucleus that is close to the atom's van der Waals (vdW) radius. 5, 6 However, if the atom is an ion, its ESP will extend indefinitely beyond its vdW radius. The redistributions of electrons caused by covalent bonding, let alone by polar covalent bonding, can also result in atomic images that look quite different from those of neutral atoms, and that may extend well beyond their vdW radii. Thus in ESP maps, the images of adjacent atoms can interfere with each other in ways that are never seen in ED maps. For example, anions will always be much less prominent in the ESP maps than they are in ED maps. [7] [8] [9] When EM data are processed using the negative Laplace operation, as advocated below, the images of atoms no longer correspond to their ESP distributions, but rather to their charge density (CD) distributions. Since the CD distributions of atoms are always contained within their vdW envelopes, 5, 6 the images of molecules in maps of this kind resemble sums of images of independent atoms much more closely than the images of molecules in ordinary EM maps. In addition, at high scattering angles, nuclear charges dominate scattering factors, and as a consequence, a CD map will tend to be better resolved than the corresponding EM map. The differences between EM maps and CD maps will be explored in this study using simulated and experimental data.
Results and Discussion
Theoretical relationship between ESP maps and CD maps
The CD function of an atom, %(r) or %(XYZ), is defined as follows: [10] [11] [12] . 
where s is scattering vector, |s| 5 2sin/, 2 is the scattering angle. There is nothing new about this approach to obtaining ESP maps from CD maps, and vice versa. [10] [11] [12] In fact, there is a routine in UCSF's Chimera that does computations of exactly this kind (see Methods for some basic instructions).
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It is easy to obtain an expression for atomic structure factors appropriate for computing CD maps by applying Eq. (4) to the Mott equation,
where f (e) is electron scattering factor, f (X) is X-ray scattering factor, m 0 is the stationary mass of the electron, e is the charge of the electron, and h is the Planck constant (for review on this subject, see Ref.
19) (Fig. 1) . Given Eqs. 4 and 5, it follows that,
where f (CD) (s) is structure factor that should be used to represent single atoms in CD maps (Fig. 1) . It is obvious that the term (Z1DZ) represents the Fourier transform of a point charge having a value of (Z1DZ), and that f (X) (s) is the Fourier transform of the spherically averaged ED distribution of that atom.
It should be emphasized that the value obtained for either a molecular ED function or a molecular CD function at any particular location is relatively insensitive to effects caused by the presence of charged groups in the neighborhood, or by local variations in dielectric constant whereas molecular ESP functions are very sensitive to both. Consequently it is notoriously difficult to calculate accurate ESP functions for macromolecules starting from atomic models (i.e., Refs. 20-24). These issues can be largely bypassed if the focus is on CD maps rather than ESP maps.
Given the relationship described above (Eq. 1) between the ED maps obtained in X-ray crystallography and the CD maps recovered from cryo-EM using the procedure outlined in this study, a sum of these two maps after proper scaling will result in the charges of the individual atoms (j) in the macromolecules, i.e.,
½Z1DZd r ð Þ: (Eq. 6)
Experimental CD maps and ESP maps for nucleic acids
One of the peculiar features of the EM maps of nucleic acids is that the density associated with phosphate groups is less than that associated with the corresponding bases. Previously published simulations have already shown that this is a result of the fact that the phosphate groups in nucleic acids carry a net negative charge. 7 The EMB-2847 map used in that study, as well as in this study, was a report on the structure of a ribosome complex at 2.9-Å resolution, and had already been sharpened by applying a B factor of 2120 Å 2 to the corresponding reciprocal space data. 25 The EM map sharpening of this kind artificially lowers weighting factors for low-resolution terms where negative Coulomb charge term can dominate. Thus, this does tend to distort the true features of ESP maps by reducing the impact of net charge effects. However, it does not make the ESP values for the non-bridging oxygen atoms of backbone phosphates much more positive than they are in the unsharpened map. In contrast, phosphate groups have density values larger than or similar to those of bases in the unsharpened experimental CD map that results when this EM map is processed using negative Laplacian operation described above (Eq. 3) (Fig. 2) . In addition, the phosphate groups are everywhere better resolved in this experimental CD map than they are in the parent ESP map (Supporting Information  Fig. S1 ). Moreover, this improvement is also evident when unsharpened CD maps are compared with artificially sharpened ESP maps (Supporting Information Fig. S1 ). These findings are consistent with those obtained using simulated ESP and CD maps (Supporting Information Fig. S2 ).
It is unfortunate that almost all of the EM maps deposited in the EMD recently are sharpened maps, 26, 27 sometimes by as much as B-factor 5 21000 Å 2 , but in many cases the actual B-factor used is not reported. This makes it impossible to recover the original, experimental ESP maps that should be used to compute CD maps.
Experimental ESP maps and CD maps for proteins
It is obvious that experimental CD maps for nucleic acids are likely to be superior to the corresponding ESP maps. Is the same true for proteins? This (Figs. 3-5, Supporting Information Figs.  S3-S7 ). In fact, in most regions, the spatial resolution of these CD maps is also higher than that of the sharpened ESP maps on file in the EMD (Figs.  3-5, Supporting Information Figs. S3-S7 ). Somewhat surprisingly, the improvement in spatial resolution seen in experimental CD maps appears to be more significant for branched hydrophobic residues than it is for aromatic residues such as Phe and Trp in both experimental and simulated maps (Fig. 3 , Supporting Information Fig. S8 ). The B-factor value used to sharpen EMD-4116 was not reported in the original publication, 28 but this can be obtained by re-running the last post-refinement step from the two halves of EM maps deposited in the EMD. The results obtained with the two EM maps reported for proteasome, 30, 31 which are at somewhat lower resolution (3.3 Å and 2.4 Å versus 2.2 Å ) than those for BGal, are particularly striking. 28, 29 A careful analysis was made of the 33 Ile residues present in the unique a/b subunits of the model for the proteasome identified as 3J9I, which was derived from the EMD-5623 map at 3.3-Å resolution. 30 The side chain rotamers of 15 of the Ile residues are incorrectly assigned. These mistakes can easily be identified by using the experimental CD maps 31 derived from EMD-3456 at 2.4-Å resolution, which has a resolution somewhat higher resolution than of the EMD-5623 map, or by comparing the 3J9I model to the X-ray model for the same structure, 1YAR 32 , which was solved at a resolution of 1.90-Å with free R-factor of 21.6%, and then, subsequently, re-refined to a free R-factor of 16.5% (unpublished results). These mistakes are likely to occur when programs that automatically select side-chain rotamers are applied to the ESP maps, and X-ray scattering factors are used to interpret the density. The reason they are made is that the partial charges on three substituents on the Cb atoms of isoleucine residues affect their appearance in ESP maps at medium and low resolution when individual non-H atoms in the protein remain unresolved. At that resolution, the Coulomb charge term caused by partial charges of atoms and groups dominate the ESP maps. According to the calculations of Kollman and coworkers, 15 ,33 the order of residue-specific atomic group charges of Ile residue for ESP maps is as follows: H > CH 3 CH 2 CH 3 , which is reversed in ED maps (i.e., they follow the density order of CH 2 CH 3 > CH 3 H).
In fact, mistakes in rotamer selection can be found throughout 3J9I 30 not only just for Ile, but also for all of the other branched residues, i.e., Val, Leu, and Thr. Previously, it was noted that in ESP maps the three non-H substituents on Ca atoms appear to be coplanar. 40 The same is true in nearly all the unsharpened ESP maps recently published for the branch point carbon atom in many branched hydrophobic side chains such as the Cb atoms of Ile and Val, and the Cg atoms of Leu. Artificial sharpening of ESP maps does not appear to help much in most cases, and thus it is difficult to properly orient the three non-H substituents Cg1/Cg2/Ca atoms on Cb atom of Val residue for example. CD maps appear to suffer from this defect much less than ESP maps do in these two examples.
Methods
The simulations done here are based on the Bethe equation, which represents molecular ESP functions as linear combinations of eigen solutions of Bloch waves weighted by coefficients that represent boundary of atoms or electron scattering lengths. 34 That is, molecular ESP maps are sums of all independent atomic ESP functions. 7 Electron scattering factors for neutral and simple ions are taken from International Tables of Crystallography, 35 and from Peng and colleagues. 19, 36 For simulations of molecular functions from atomic coordinates of a small molecular fragment, the molecule is placed in the middle of cubic box with the edge length approximately of twice the maximal dimension with uniform motion B-factors assigned that correspond to a given resolution. For example, Phe side chain fragment is placed in cubic box with edge length of 10 Å . For simulations of molecular functions at resolution of 1.5, 1.8, Readers are encouraged to consult Chimera users manual for carrying out these operations. When an ESP map is subject to negative Laplacian operation, it results in the corresponding CD map; when a CD map is subject to negative Laplacian operation at sub-Å ngstrom resolution, it results in the relief plots that provide information on valence shell charge concentrations (VSCC) on specific chemical bonds. 3, 37 To counter the effect of high-frequency systematical noise of any kind in experimental EM data, one may apply an additional Gaussian smoothening function that is beyond what is necessary to remove the B-factor sharpening used by investigators. The combination of additional Gaussian smoothening with Laplacian filter results in a special windowing function that would down weigh amplitudes at both ends of resolution spectrum (Supporting Information Fig. S9 ). Resulting maps were analyzed and visualized using the graphics programs Chimera and Coot. 18, 38 Figures were made using the program Pymol. 39 
Concluding Remarks
This study shows how CD maps can be obtained from experimental EM maps. It is clear from the data shown above that unsharpened CD maps are Figure 6 . Logarithm-logarithm analysis of resolution-Wilson B-factor relationship using users' reported data for all the PDB data sets retrieved in mid-April, 2014 for modeling motion B-factors used in simulation in this study.
easier to interpret than even sharpened ESP maps. This finding raises questions about the rationale for sharpening of experimental EM maps in the first place. Sharpening is currently an integral part of many of the data processing procedures used for EM image reconstruction, and it appears to be based on an application of the Guinier plot to EM data. 26 Because Guinier plot is valid only at very low resolution and for X-ray scattering, the wisdom of using it to determine how much to sharpen highresolution electron scattering data is open to question. In any case, the B-factor values used for sharpening maps ought to be reported for all EM structures deposited in the EMD. It might also make sense to deposit separately the two halves of maps used to compute Fourier shell correlation coefficients so that users can estimate uncertainties for both amplitudes and phases of the Fourier transforms of ESP maps on the reflection-by-reflection basis.
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